INTRODUCTION
============

Each beat of the heart is initiated by spontaneous activity of myocytes in the sinoatrial node (SAN), and the sympathetic nervous system accelerates heart rate by increasing the spontaneous firing rate of sinoatrial myocytes. Both basal spontaneous pacemaker activity and the sympathetic "fight-or-flight" increase in heart rate are thought to depend on cAMP signaling within sinoatrial myocytes. However, the cAMP-sensitive pathways that control pacemaking are incompletely understood. Indeed, numerous proteins have been proposed as end effectors in this process (for review see [@bib17]; see also [@bib13]). Among the most prominent candidate proteins are hyperpolarization-activated cyclic nucleotide-sensitive (HCN) channels, which produce the cardiac funny current (I~f~), and ryanodine receptors and other Ca^2+^ handling proteins, which are responsible for Ca^2+^ release from the sarcoplasmic reticulum. In this study, we focus on a novel mechanism for cAMP-dependent regulation of sinoatrial HCN channels.

There are four mammalian HCN isoforms (HCN1--4), with HCN4 being the main isoform in the sinoatrial node, where it is expressed at high levels ([@bib29]; [@bib22]; [@bib18]; [@bib15]). The related HCN1--3 isoforms are expressed primarily in neurons, where they produce hyperpolarization-activated currents known as I~h~ or I~q~, which are thought to contribute to spontaneous activity, resting membrane potential, input resistance, and regulation of synaptic transmission ([@bib1][@bib21]). HCN channels are structurally similar to voltage-gated K^+^ channels; they are tetramers, with each subunit composed of six transmembrane-spanning domains and large intracellular N and C termini. However, in contrast to K^+^ channels, HCN channels conduct both Na^+^ and K^+^, and native HCN channels in mouse sinoatrial myocytes have a reversal potential of approximately −30 mV in physiological solutions ([@bib16]; unpublished data). Thus, open HCN channels conduct a net inward current at diastolic potentials, and are consequently thought to contribute to spontaneous sinoatrial action potentials by depolarizing the membrane toward threshold during diastole.

The large intracellular C terminus of HCN channels (∼57% of the HCN4 sequence) contains a consensus cyclic nucleotide binding domain (CNBD). Binding of cAMP to the CNBD of HCN channels can shift the voltage dependence of activation to more positive potentials. In sinoatrial cells, sympathetic stimulation of β adrenergic receptors increases cAMP and shifts the voltage dependence of I~f~ to more positive potentials. It is generally thought that β adrenergic regulation of I~f~ is mediated by direct binding of cAMP to sinoatrial HCN channels, independent of phosphorylation ([@bib7]).

Whereas HCN channels can be regulated by direct binding of cAMP, ryanodine receptors and other Ca^2+^ handling proteins involved in sarcoplasmic reticulum Ca^2+^ release gain their cAMP sensitivity via phosphorylation by the cAMP-dependent protein kinase (PKA). These PKA-dependent Ca^2+^ release mechanisms have been proposed to be critical for basal and β adrenergic regulation of heart rate via a mechanism involving spontaneous Ca^2+^ release during diastole that triggers inward current through the Na^+^--Ca^2+^ exchanger ([@bib14]). The involvement of PKA or lack of involvement of direct cAMP binding to HCN channels has been used in attempts to discern the relative importance of Ca^2+^ release and I~f~ to sympathetic regulation of heart rate ([@bib33]; [@bib9]). However, HCN channels contain numerous consensus PKA phosphorylation sites, and PKA has been shown to regulate the channels in some types of cells ([@bib3]; [@bib31]). These observations raise the possibility that PKA-dependent regulation of heart rate may include a contribution from HCN channels.

In this study, we tested the hypothesis that PKA can regulate sinoatrial HCN4 channels. We found that inhibition of PKA significantly impaired β adrenergic regulation of I~f~ in isolated murine sinoatrial myocytes, and that PKA potentiated heterologously expressed HCN4 channels. Using biochemistry and mass spectrometry (MS), we found that PKA can directly phosphorylate at least 13 sites in the N and C termini of HCN4. Functional studies of mutant channels demonstrated that a PKA regulatory site in the distal C terminus is required for PKA to shift the voltage dependence of HCN4. In addition, domains in both the N and C termini of the channels were found to contribute to the basal voltage dependence of HCN4 in the absence of PKA.

MATERIALS AND METHODS
=====================

Sinoatrial myocyte isolation
----------------------------

Sinoatrial myocytes were isolated from adult (\>7 wk) male C57BL/6J mice in accordance with a protocol approved by the University of Colorado, Denver, Institutional Animal Care and Use Committee. Animals were injected with 225 µl intraperitoneal heparin (1000 U/ml). After 5 min, animals were anesthetized with isoflurane and euthanized by cervical dislocation. Hearts were quickly removed, the atria separated from the ventricles, and the sinoatrial node region dissected at 35°C in heparinized (10 U/ml) Tyrodes solution, which consisted of (in mM) 140 NaCl, 5.4 KCl, 1.2 KH~2~PO~4~, 5 HEPES, 5.55 glucose, 1 MgCl~2~, 1.8 CaCl~2~; pH adjusted to 7.4 with NaOH. The mouse sinoatrial node region was defined by the borders of the crista terminalis, the interatrial septum, and the superior and inferior vena cavae, as described in previous studies ([@bib16]; [@bib27]).

Nodal tissue was digested by collagenase type II (Worthington Biochemical), protease type XIV (Sigma-Aldrich), and elastase (Worthington Biochemical) for 25--30 min at 35°C in a modified Tyrodes solution (in mM: 140 NaCl, 5.4 KCl, 1.2 KH~2~PO~4~, 5 HEPES, 18.5 glucose, 0.066 CaCl~2~, 50 taurine, 1 mg/ml BSA; pH adjusted to 6.9 with NaOH). After digestion, tissue was transferred to a modified KB solution (in mM: 100 potassium glutamate, 10 potassium aspartate, 25 KCl, 10 KH~2~PO~4~, 2 MgSO~4~, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, and 1.0% BSA; pH adjusted to 7.2 with KOH) at 35°C, and cells were dissociated by pipetting for 10 min with a wide fire-polished glass pipette. After gradual reintroduction of Ca^2+^, dissociated cells were held at room temperature for up to 8 h before recording.

Sinoatrial myocyte electrophysiology
------------------------------------

An aliquot of the sinoatrial cell suspension was transferred to a recording chamber on the stage of an inverted microscope, and individual sinoatrial myocytes were identified by spontaneous contractions, small size, and characteristic morphology ([Fig. S1 A](http://www.jgp.org/cgi/content/full/jgp.201010488/DC1)). Cells used in this study had action potentials typical of mouse sinoatrial cells (Fig. S1 B), and the membrane capacitance ranged from 22 to 52 pF, with the average being 34.7 ± 2.2 pF.

Hyperpolarization-activated I~f~ currents were recorded in the whole cell patch clamp configuration with pipettes that had resistances of ∼1.5--3 MΩ when filled with an intracellular solution consisting of (in mM) 128 potassium aspartate, 6.6 sodium phosphocreatine, 7 KCl, 1 MgCl~2~, 1 CaCl~2~, 10 HEPES, 10 EGTA, 4 Mg-ATP; pH adjusted to 7.2 with KOH. All experiments were conducted at room temperature. PKA inhibitory peptide 6-22 amide (PKI; EMD) was stored as a frozen 10 mM stock solution (in water) and was added to the intracellular solution as noted to a final concentration of 10 µM. Once a gigaohm seal was established, cells were constantly perfused (∼1--2 ml/min) with Tyrodes solution containing 1 mM Ba^2+^ to block K^+^ currents. A 1 mM stock of (−) isoproterenol (+) bitratrate (ISO) was made fresh the day of each experiment, and was kept in the dark before being added to the Tyrodes solution to a final concentration of 1 µM, as indicated. We did not use MnCl~2~ to block Ca^2+^ currents in our experiments, as it was observed to cause oxidation of the isoproterenol.

Conductance (g) for I~f~ was calculated as g = I/(V~m~ − V~r~), where I is the time-dependent component of inward current, V~m~ is the applied membrane voltage (corrected for a +14-mV junction potential error), and V~r~ is the reversal potential for I~f~ (−30 mV ([@bib16]). Average conductance--voltage plots were fit with a Boltzmann equation to determine midpoint activation voltages (V~1/2~):$$f\left( V \right) = V_{\text{min}} + \frac{V_{\text{max}} - V_{\text{min}}}{1 + e^{\frac{Z_{d}F}{RT}(V - V_{1/2})}}$$

Molecular Biology
-----------------

Four HCN4 GST fusion proteins were created by cloning in-frame into the pGEX-5x-1 plasmid (GE Healthcare) cDNA encoding amino acids 1--230, 528--737, 727--1008, and 917--1201 of HCN4 using EcoRI and XhoI restriction enzyme sites, which were introduced by PCR. Four truncated HCN4 channels were created by inserting cDNA encoding amino acids 120--1201 (HCN4-ΔN), 1--718 (HCN4-ΔC), 120--718 (HCN4-ΔNΔC), and 1--1012 (HCN4-Δ1012) into the pcDNA3(+) plasmid (Invitrogen). A start codon was added to the 5′ end of HCN4-ΔN and HCN4-ΔNΔC clones. Serine to alanine point mutations in HCN4-Nx4 (S14A, S99A, S110A, and S117A) and HCN4-Cx4 (T1153A, S1154A, S1155A, and S1157A) were introduced by multiple rounds of overlapping PCR mutagenesis. DMSO (10%) was added to all PCR reactions to combat the high GC content (∼67% for the N- and C-terminal coding sequences) of the HCN4 cDNA, which is resistant to PCR. All clones were confirmed by automated DNA sequencing.

CHO cell culture, transfection, and electrophysiology
-----------------------------------------------------

Chinese hamster ovary (CHO) cells were purchased from American Type Culture Collection and maintained in culture at 37°C and 5% CO~2~ in a humidified incubator in Ham's F12 medium with 1% penicillin/streptomycin and 10% FBS (tetracycline screened). Cells from passages ∼3--12 were plated onto glass coverslips for electrophysiology. Transient transfection of cDNA encoding HCN channels (2 µg) along with the cell surface marker CD8 (1 µg) was performed using Fugene6 (Roche) according to the manufacturer's directions. Transiently transfected cells were identified by anti-CD8 antibody--coated beads (Invitrogen) ([@bib11]), and were used for electrophysiology 24--48 h post-transfection.

For some experiments, a stable CHO cell line expressing HCN4 under the control of a tetracycline-inducible promoter was used. In brief, cDNA encoding HCN4 was cloned into the pcDNA4/TO vector (Invitrogen), and TREX-CHO cells (which stably express the tetracycline repressor protein from the pcDNC4/TR plasmid; Invitrogen) were transfected as described above. Cells containing HCN4 and tetracycline repressor protein vectors were selected using Zeocin (250 µg/ml) and blasticidin (10 µg/ml), respectively. Expression of HCN4 channels was induced by addition of tetracycline (1--10 µg/ml) to the culture medium 24--48 h before recording.

For electrophysiological recordings, fragments of glass coverslips plated with HCN4-expressing CHO cells were transferred to a recording chamber (200 µl) on the stage of an inverted microscope. Cells were voltage clamped at room temperature in the whole-cell configuration using pipettes with resistances of ∼1.5--3 MΩ when filled with an intracellular solution that contained (in mM) 130 potassium aspartate, 10 NaCl, 1 EGTA, 5 HEPES, 0.5 MgCl~2~, 2 MgATP; pH adjusted to 7.2 with KOH. Cells were constantly perfused (∼1--2 ml/min) with extracellular solution consisting of (in mM) 115 NaCl, 30 KCl, 1 MgCl~2~, 1.8 CaCl~2~, 5.5 glucose, 5 HEPES; pH adjusted to 7.4 with NaOH. Tail current amplitudes (elicited by steps to +60 mV) were plotted as a function of test potential (corrected for a +14-mV junction potential error), and the resulting conductance--voltage plots were fit with a Boltzmann equation as described above.

Native and expressed HCN channels are well known to experience rundown, which results in a negative shift in the voltage dependence of activation (e.g., [@bib6], [@bib24]). To provide consistency in our measurements, we monitored rundown following break-in to whole cell mode using 1-s test pulses to −120 mV every 6 s both in HCN4-expressing CHO cells and in sinoatrial myocytes. Further experimental protocols (i.e., conductance--voltage protocols) were administered only after any decay of the current amplitude at −120 mV reached approximately steady state (usually 2--3 min).

GST fusion protein purification
-------------------------------

pGEX plasmids with or without HCN4 inserts were transformed into competent BL21 cells (Agilent Technologies), and overnight cultures were grown at 37°C with shaking until the OD~600~ was between 0.5 and 0.7. Protein expression was induced with IPTG (0.1 mM) for 3--4 h at 37°C. Cells were then collected by centrifugation, resuspended in ice-cold PBS with protease inhibitors (Promega), and lysed by five freeze/thaw cycles. The resulting cell suspensions were incubated at 4°C in DNase I (10 µg/ml) and Triton X-100 (1%) with gentle rocking and were then centrifuged at 12,000 *g* for 30 min at 4°C. Supernatants were collected and incubated at 4°C with a 50% slurry of sepharose 4B beads (GE Healthcare). GST fusion proteins bound to the beads were dialyzed into PBS and stored at 4°C for up to 1 wk.

In vitro phosphorylation and mass spectrometry
----------------------------------------------

Purified bead-bound GST fusion proteins were washed twice with a kinase assay buffer (in mM: 50 Tris, 10 NaF, 10 MgCl~2~, 0.01 MgATP; pH adjusted to 7.5 with HCl) and were then incubated in "hot" kinase assay buffer, which contained 5 µCi of \[γ-^32^P\]ATP (specific activity 25 mCi/mmol; MP Biomedicals) and 60 U of PKA catalytic subunit (EMD) for 1.5--2 h at 30°C. Reactions were stopped by boiling with 5X sample buffer at 95°C for 5 min. Proteins were then separated by SDS-PAGE and transferred to nitrocellulose membranes. Autoradiography was performed by overlaying the nitrocellulose with x-ray film for 0.5--26 h. Membranes were subsequently Western blotted with a rabbit anti-GST antibody (1:50,000; Oncogene), followed by an horseradish peroxidase--conjugated secondary antibody (1:10,000) for 1 h at room temperature. Bands were detected by chemiluminescence (Thermo Fisher Scientific).

Samples prepared for mass spectrometry were in vitro phosphorylated in kinase assay buffer (in mM: 50 Tris, 10 MgCl~2~, 0.2 MgATP; pH adjusted to 7.5 with HCl) and separated by SDS-PAGE. Gels were stained with Coomassie brilliant blue, and bands of interest were excised and subjected to in-gel digestion with trypsin or trypsin plus chymotrysin followed by micro-capillary LC/MS/MS analysis (Taplin Mass Spectrometry Facility, Harvard Medical School).

Statistics
----------

All results are reported as mean ± SEM. Comparisons were performed using two-tailed *t* tests.

Online supplemental material
----------------------------

Fig. S1 shows that cellular morphology and action potential shape for isolated murine sinoatrial myocytes are similar to those previously reported ([@bib16]; [@bib5]). Fig. S1 is available at <http://www.jgp.org/cgi/content/full/jgp.201010488/DC1>.

RESULTS
=======

PKA contributes to β adrenergic regulation of I~f~ in sinoatrial myocytes
-------------------------------------------------------------------------

To determine whether PKA may contribute to β adrenergic regulation of I~f~ in sinoatrial myocytes, we recorded hyperpolarization-activated currents from isolated murine sinoatrial cells in the whole-cell patch-clamp configuration. Cellular morphology and action potential characteristics for our cells were similar to those previously reported for mouse sinoatrial myocytes (Fig. S1; [@bib16]; [@bib5]). As expected, the β adrenergic agonist ISO (1 µM) shifted the voltage dependence of I~f~ to more positive potentials. This shift was qualitatively apparent as an increase in I~f~ amplitude at −120 mV (near the activation midpoint for I~f~) upon wash-on of ISO in the extracellular solution ([Fig. 1, A and B](#fig1){ref-type="fig"}). We next used the PKA pseudosubstrate inhibitory peptide, PKI 6-22 amide (PKI, 10 µM) in the patch pipette to block PKA activity. Intracellular perfusion with PKI markedly reduced (in some cells; not depicted) or even eliminated the ability of ISO to potentiate I~f~ in sinoatrial myocytes ([Fig. 1, C and D](#fig1){ref-type="fig"}).

![PKA activity contributes to β adrenergic regulation of I~f~ in sinoatrial myocytes. (A and C) Representative whole cell I~f~ currents recorded from isolated sinoatrial myocytes in the whole cell patch clamp configuration. Currents were elicited by voltage steps to −120 mV from a holding potential of −50 mV in the absence (black) or presence (red or blue) of 1 µM isoproterenol (ISO) applied in the extracellular Tyrode's solution. Traces in A were recorded with a control intracellular solution, traces in C were recorded with intracellular solution containing 10 µM PKI. (B and D) Time course of the ISO-dependent increase in I~f~ for the cells shown in A and C. The open and colored bars indicate the composition of the extracellular perfusing solution. Black, red, and blue circles mark the traces shown in A and C.](JGP_201010488_RGB_Fig1){#fig1}

To quantitatively assess the effect of PKA on I~f~, we determined the voltage dependence of activation for I~f~ with either ISO or ISO plus PKI. As shown in [Fig. 2](#fig2){ref-type="fig"}, ISO shifted the activation midpoint (V~1/2~) of I~f~ to more depolarized potentials in myocytes perfused with the control intracellular solution (average shift = 11.3 ± 1.2 mV; V~1/2~ = −129.3 ± 3.0 mV in Tyrode's, −118.1 ± 3.1 mV in ISO; *n* = 7; P \< 0.05). Inclusion of PKI in the intracellular solution did not significantly alter the voltage dependence in the absence of ISO compared with the control intracellular. However, PKI significantly reduced the ability of ISO to modulate I~f~ (average shift = 3.7 ± 1.4 mV; V~1/2~ = −125.3 ± 4.1 in Tyrode's with PKI, −121.6 ± 3.7 in ISO with PKI; *n* = 10; P \> 0.05). While ISO had no statistically significant effect on V~1/2~ in the presence of PKI, the data trended toward more positive values when ISO was applied, an observation that could be attributed to either incomplete block of PKA (perhaps due to limited perfusion of PKI in the SAN cells) or to direct binding of cAMP to the sinoatrial HCN channels.

![PKA inhibition reduces β adrenergic regulation of I~f~ in sinoatrial myocytes. (A and B) Conductance--voltage relationships for I~f~ determined in control intracellular solution (A) or intracellular containing 10 µM PKI (B) in the absence (closed black or gray symbols) and presence (open red or blue symbols) of 1 µM isoproterenol. (A, inset) Representative currents elicited by 3-s hyperpolarizing voltage steps from −60 to −170 mV in 10-mV increments. Scale bars in the inset are 500 pA and 200 ms. (C) Average activation midpoints for I~f~ in different conditions, as indicated. Isoproterenol significantly shifted the voltage dependence for I~f~ in the absence of PKI (asterisk, P \< 0.05), but not in the presence of PKI (NS, not significant).](JGP_201010488_RGB_Fig2){#fig2}

As has been previously noted (e.g., [@bib28]), the very slow activation of I~f~ makes measurement of a true steady-state voltage dependence experimentally infeasible. Data presented in [Fig. 2](#fig2){ref-type="fig"} were acquired using a voltage protocol consisting of 3-s steps to test potentials from −60 to −170 mV ([Fig. 2 A](#fig2){ref-type="fig"}, inset). The V~1/2~ values generated in this way are useful in internal comparisons, but are difficult to compare with measurements made using other voltage protocols (e.g., in other studies). Moreover, the lack of steady-state current measurements means that changes in activation kinetics could masquerade as changes in voltage dependence. We thus examined time constants from double exponential fits of I~f~ at fully activated potentials for changes due to ISO or PKI. We found no significant effect of ISO or PKI on the rate of activation (not depicted), consistent with the classical notion that β adrenergic regulation of I~f~ occurs via a simple shift in the voltage dependence.

PKA shifts the voltage dependence of HCN4 in CHO cells
------------------------------------------------------

As a first step toward examining the mechanistic basis for PKA regulation of I~f~, we next examined the functional effects of PKA on mouse HCN4 channels expressed in CHO cells. Hyperpolarization-activated currents were recorded in the whole-cell patch-clamp configuration in the presence or absence of the purified catalytic subunit of PKA (which lacks the cAMP-binding regulatory subunits and therefore is constitutively active, even in the absence of cAMP). As shown in [Fig. 3](#fig3){ref-type="fig"}, the voltage dependence of activation was significantly more positive when PKA (20 U/ml) was included in the intracellular solution (V~1/2~ = −89.8 ± 1.7 mV, *n* = 7 in control intracellular, −83.8 ± 1.5 mV, *n* = 9 with PKA; P \< 0.05). However, this difference was eliminated when PKI (10 µM) was included along with PKA in the patch pipette (V~1/2~ in PKA + PKI = −90.0 ± 2.0 mV, *n* = 8; P \> 0.05). These data are consistent with the above results showing PKA-dependent regulation of I~f~ in sinoatrial myocytes. Furthermore, the similarity in V~1/2~ values in control versus PKA + PKI intracellular solutions suggests that background phosphorylation by any endogenous PKA in the CHO cells is minimal.

![PKA shifts the voltage dependence of HCN4 in CHO cells. (A) Average voltage dependence of activation for HCN4 currents. Normalized tail current amplitudes are plotted as a function of prepulse voltage for protocols as shown in the inset with control intracellular solution (filled black circles), intracellular with 20 U/ml PKA (open red circles), or intracellular with PKA plus 10 µM PKI (open blue triangles). Midpoint activation voltages were −89.8 ± 1.7 mV in control, *n* = 7; −83.8 ± 1.5 mV in PKA, *n* = 9; and −90.0 ± 2.0 mV in PKA + PKI, *n* = 8. (Inset) Representative whole cell currents recorded from a CHO cell line stably expressing HCN4. Currents were elicited by hyperpolarizing voltage steps from −40 to −150 mV (in 10-mV increments), which ranged in length from 32.5 to 4.2 s (starting with the longest step at −40 mV and decremented by 2.575 s each step). This voltage protocol was used in an attempt to measure the steady-state voltage dependence of activation; however, note that activation was still incomplete at the more depolarized potentials. (B) Activation midpoints for HCN4 currents from Boltzmann fits to data in A. Asterisk indicates statistical significance (P \< 0.05). NS, not significant (P \> 0.05).](JGP_201010488_RGB_Fig3){#fig3}

PKA phosphorylates multiple sites on HCN4
-----------------------------------------

The above results indicate that PKA can regulate HCN4 channels, and that PKA activity is involved in the communication between β adrenergic receptors and HCN4 channels in sinoatrial myocytes. However, they do not address whether PKA affects the channels directly or indirectly. Indeed, there are numerous PKA substrates within sinoatrial cells (and in CHO cells too) that could mediate this response. To determine whether PKA can directly phosphorylate HCN4, we next performed in vitro phosphorylation assays. Four GST fusion proteins were constructed, which consisted of portions of the intracellular N and C termini of HCN4: N-terminal residues 1--230 and C-terminal residues 528--737 (which includes the CNBD), 727--1008, and 917--1201 ([Fig. 4 A](#fig4){ref-type="fig"}; the C terminus was prepared as three overlapping fusion proteins because protein yields were very low for larger constructs). Purified GST fusion proteins were incubated with ^32^P-ATP in the presence or absence of the catalytic subunit of PKA and in the presence or absence PKI (20 µM). As shown in the autoradiograph in [Fig. 4 B](#fig4){ref-type="fig"} (top), addition of PKA resulted in ^32^P incorporation into each of the four of the HCN4 GST fusion proteins. ^32^P was not incorporated into GST alone in any condition, or into any of the HCN4--GST fusion proteins in the absence of PKA. This indicated that the phosphorylation required PKA and that it was associated with the channel moiety of the fusion proteins. Inhibition of PKA with PKI qualitatively reduced ^32^P incorporation into each of the fusion proteins, to differing degrees.

![PKA phosphorylates HCN4 channel fragments in vitro. (A) Schematic representation of HCN4 GST fusion proteins. (B) In vitro phosphorylation and Western blotting of HCN4 channel fragments fused to GST. Fusion proteins were incubated with ^32^P-ATP in the absence or presence of PKA (20 U/ml) or PKA plus PKI (20 µM) as indicated. Incorporated ^32^P was visualized by autoradiography (top), and GST fusion proteins were visualized by Western blotting with an anti-GST antibody (1:50,000; Oncogene; bottom). (C) Average densitometric analysis of ^32^P incorporation into the HCN4 GST fusion proteins for three independent experiments. Red bars show average density of ^32^P normalized to the density of corresponding protein bands in the presence of PKA, blue bars, in PKA plus PKI. Asterisks indicate a significant reduction in normalized ^32^P incorporation in the presence of PKI.](JGP_201010488R_RGB_Fig4){#fig4}

Densitometric analysis was used to quantitate the PKA-dependent phosphorylation of HCN4. ^32^P incorporation was evaluated as the pixel density of the autoradiograph bands for each construct ([Fig. 4 B](#fig4){ref-type="fig"}, top, dashed boxes), normalized to the density of the corresponding bands in the GST Western blots ([Fig. 4 B](#fig4){ref-type="fig"}, bottom) to correct for differences in gel loading. Mass spectrometry (see next section) confirmed that the selected bands corresponded to the full-length GST fusion proteins, despite the presence of degradation products. In [Fig. 4 C](#fig4){ref-type="fig"}, normalized phosphorylation averaged for three independent experiments is plotted for each construct. PKI significantly reduced the amount of ^32^P taken up into the C~528--737~ and C~727--1008~ fusion proteins (P \< 0.05). A trend toward reduction in ^32^P activity was also seen in the presence of PKI for N~1--230~ and C~917--1201~. We believe that the lack of a significant decrease in band intensity by PKI for N~1--230~ and C~917--1201~ reflects incomplete inhibition of PKA for two reasons: (1) no phosphorylation of the GST fusion proteins was seen in the absence of PKA, and (2) mass spectrometry (see next section) revealed multiple phosphorylated residues in both N~1--230~ and C~917--1201~.

Identification of PKA sites by mass spectrometry
------------------------------------------------

The in vitro phosphorylation data demonstrated that PKA can directly phosphorylate HCN4 at multiple sites. To identify the residues in the HCN4 N and C termini that can be phosphorylated by PKA, we used a mass spectrometry approach. We performed in vitro phosphorylation assays as above, except without the radioisotope. PKA-specific bands (i.e., those which were reduced in intensity by PKI in parallel lanes) from Coomassie-stained gels were excised, digested into peptides by trypsin or trypsin plus chymotrypsin, and subjected to liquid chromatography and tandem mass spectrometry (Taplin Biological Mass Spectrometry Facility, Harvard Medical School).

A total of 17 residues in HCN4 were found to be phosphorylated by PKA. Of these, 13 were considered "confirmed" by being present in at least two separate trypsin or trypsin/chymotrypsin fragments, and four were considered "unconfirmed," as they were identified in only single fragments. [Fig. 5](#fig5){ref-type="fig"} shows the compiled peptide sequences for the HCN4 portions of the four GST fusion proteins compared with their target sequences. Red highlighted residues correspond to confirmed phosphorylation sites and green correspond to unconfirmed sites. The N terminus of HCN4 was phosphorylated at three confirmed sites (S14, S99, and S110), and at one unconfirmed site (S117). The C terminus of HCN4 was phosphorylated at a total of 13 sites, 10 confirmed (S719, S831, S918, S1005, S1051, T1071, S1128, T1153, S1154, and S1155) and 3 unconfirmed (S1011, S1112, and S1157).

![Identification of PKA-phosphorylated residues in HCN4 GST fusion proteins. Compiled peptide sequences from tandem MS analysis of the HCN4 portions of the GST fusion proteins. Bold underlined residues were identified by MS sequencing; plain text residues were not resolved by MS. Red highlighting indicates residues found to be phosphorylated in multiple peptide fragments, and green highlighting indicates residues found to be phosphorylated in single peptide fragments.](JGP_201010488_RGB_Fig5){#fig5}

Peptide sequencing (indicated by the bold underlined residues in [Fig. 5](#fig5){ref-type="fig"}) yielded the following coverage of the HCN4 portions of the GST fusion proteins (expressed as percentage of total amino acid count): N~1--230~ = 95.2%, C~528--737~ = 93.3%, C~727--1008~ = 85.1%, and C~917--1201~= 93.7%. Gaps in the coverage include two serine or threonine residues in N~1--230~, one in C~528--737~, fourteen in C~727--1008~, and three in C~917--1201~. The large number of serine or threonine residues missing in C~727--1008~ is mostly attributable to one gap in the sequence coverage, which persisted in three individual experiments, in both trypsin and trypsin/chymotrypsin digestions. While it is possible that one or more of the missed residues may be phosphorylated by PKA, it should be noted that none corresponds to predicted PKA sites (see below).

We compared the phosphorylated residues identified in HCN4 by mass spectrometry to high-scoring PKA sites predicted by the pkaPS algorithm, which evaluates target sequences in comparison to ∼20 flanking residues surrounding phosphorylation sites in known PKA substrate proteins (<http://mendel.imp.ac.at/sat/pkaPS/>; [@bib23]). In [Fig. 6](#fig6){ref-type="fig"}, the 13 predicted PKA sites in HCN4 with scores ≥0.50 are indicated by yellow highlighting of residues in positions −6 to +1 relative to the candidate phosphate acceptor residue. The phosphorylated residues identified in our study are highlighted in red (confirmed) or green (unconfirmed), as in [Fig. 5](#fig5){ref-type="fig"}. 8 of the 13 confirmed phosphorylated residues identified by MS corresponded to highly scored pkaPS-predicted PKA phosphorylation sites (S14, S99, S719, S831, S1005, T1071, S1154, and S1155). This correspondence makes these positions particularly strong candidates for further analysis of PKA phosphorylation of HCN4 channels in vivo. On the other hand, four of the confirmed phosphorylated residues did not correspond to high-scoring PKA consensus sites, and five highly scored sites were not phosphorylated in our experiments. These differences could be due to the three dimensional structures of the GST fusion proteins, which do not conform to the native protein structure, or to false positives/negatives in the prediction algorithm. Of particular interest is residue S672 within the cyclic nucleotide binding domain, which had a pkaPS score of 1.20, yet was not phosphorylated in our assay. Mutations in this residue cause a hyperpolarizing shift in the voltage dependence of activation for I~f~, and have been shown to be associated with familial sinus bradycardia ([@bib19]).

![Comparison of PKA-phosphorylated residues on HCN4 to predicted PKA phosphorylation sites. Amino acid sequence of mHCN4 is shown with color coding to illustrate phosphorylated residues identified by MS compared with predicted PKA sites. Red residues were phosphorylated in multiple peptide fragments, and green residues in single peptide fragments. Sequences identified as high probability PKA phosphorylation sites (score ≥ 0.5) by the pkaPS algorithm are highlighted in yellow. The cyclic nucleotide binding domain is indicated by a black outline, and transmembrane regions by gray shading. (Inset) Schematic representation of an HCN4 subunit with the approximate location of identified phosphorylated residues marked by red and green circles. The cyclic nucleotide binding domain is represented by a thick black line.](JGP_201010488_RGB_Fig6){#fig6}

PKA modulation of I~f~ requires a regulatory site in the distal C terminus
--------------------------------------------------------------------------

We next returned to functional assays to determine which (if any) of the residues identified by mass spectrometry mediate the PKA-dependent shift in voltage dependence of HCN4. Given the large number of sites, we began with a simple truncation strategy to first identify the region(s) of the HCN4 protein involved. Three truncated HCN4 channels were constructed: (1) HCN4-ΔN, in which approximately half of the N terminus was removed (residues 1--119) to eliminate the four potential PKA sites in the N terminus, (2) HCN4-ΔC, in which the C terminus was truncated just after residue 718 to eliminate all of the C-terminal PKA sites while leaving intact the CNBD, and (3) HCN4-ΔNΔC, which was a simple combination of the above deletions, and so lacked all the PKA-phosphorylated residues identified in the mass spectrometry analysis.

Deletion of all of the PKA sites in HCN4-ΔNΔC channels rendered the channels insensitive to PKA in functional assays ([Fig. 7 B](#fig7){ref-type="fig"} and [Fig. 8](#fig8){ref-type="fig"}). Hyperpolarization-activated currents produced by HCN4-ΔNΔC were qualitatively similar to currents produced by wild-type HCN4 (wtHCN4) channels, and the midpoint activation voltage for HCN4-ΔNΔC was not significantly different from that of wtHCN4 in the control intracellular solution (P = 0.669). However, PKA had no effect on the voltage dependence of HCN4-ΔNΔC (V~1/2~ = −102.6 ± 1.7 mV, *n* = 8 in control, −100.0 ± 2.7 mV, *n* = 7 in PKA; P = 0.408). This is in contrast to wtHCN4, in which PKA significantly shifted V~1/2~ to a more depolarized potential (V~1/2~ = −101.3 ± 2.9, *n* = 5 in control, −89.1 ± 1.5 mV, *n* = 6 in PKA; P = 0.003; [Fig. 7 A](#fig7){ref-type="fig"}). (A shorter voltage protocol was used for these experiments compared with those shown in [Fig. 3](#fig3){ref-type="fig"} \[3-s hyperpolarizing steps vs. up to 30-s steps\], which accounts for the difference in absolute V~1/2~ values in [Fig. 3](#fig3){ref-type="fig"} vs. [Fig. 7](#fig7){ref-type="fig"}. Note, however, that PKA significantly shifted the voltage dependence to more positive values, regardless of the voltage protocol.)

![A regulatory site in the distal C terminus of HCN4 is required for PKA modulation. Representative whole-cell current traces (insets) and average conductance--voltage plots for wild-type HCN4 (A), HCN4-ΔNΔC (B), HCN4-ΔC (C), HCN4-Nx4 (D), HCN4-Δ1012 (E), and HCN4-Cx4 (F) expressed in CHO cells. Black lines and closed circles indicate control intracellular solution; red lines and open circles indicate PKA-containing intracellular solution. Currents were elicited by 3-s hyperpolarizing voltage steps ranging from −40 to −180 mV in 10-mV increments (as indicated). Scale bars: (A, B, and E, insets) 500 pA, 500 ms; (C, D, and F, insets) 1 nA, 500 ms. Cartoons in each panel depict the constructs, where red and green circles indicate confirmed and unconfirmed PKA sites, and open circles indicate alanine substitutions of PKA sites.](JGP_201010488_RGB_Fig7){#fig7}

![Summary of PKA-dependent shifts in V~1/2~ for HCN4 constructs. Average activation midpoints from Bolztmann fits for wtHCN4, HCN4-ΔNΔC, and HCN4-ΔC in the absence (black bars) or presence (red bars) of 20 U/ml PKA in the intracellular pipette solution. Asterisks indicate statistical significance (P \< 0.05) between control and PKA intracellular solution. Double daggers indicate significant differences from wtHCN4 in the absence of PKA.](JGP_201010488R_RGB_Fig8){#fig8}

We next examined the role of the C terminus alone in the response of HCN4 to PKA. As for HCN4-ΔNΔC, PKA had no effect on the voltage dependence of HCN4-ΔC (V~1/2~ = −122.9 ± 2.2 mV, *n* = 7 in control, −125.4 ± 1.6 mV, *n* = 6 in PKA; P = 0.399; [Fig. 7 C](#fig7){ref-type="fig"} and [Fig. 8](#fig8){ref-type="fig"}). Interestingly, however, V~1/2~ in the absence of PKA was significantly more negative for HCN4-ΔC than for wtHCN4 or for HCN4-ΔNΔC (P ≤ 0.001). There was no significant difference in the kinetics of activation at fully activated potentials for HCN4-ΔC compared with wtHCN4 (unpublished data), suggesting that the observed difference in V~1/2~ reflected primarily a difference in voltage dependence, not gating. Numerous explanations for this shift are possible, including nonspecific allosteric effects of the truncation, partial phosphorylation of wtHCN4 by endogenous PKA in CHO cells (although the lack of effect of PKI in [Fig. 3](#fig3){ref-type="fig"} argues against the latter), or a potential functional interaction with the N terminus (see Discussion).

The above results suggested that the C terminus is required for PKA to shift the voltage dependence of HCN4. To test whether it is sufficient, we next examined functional effects of the N-terminal PKA sites identified by mass spectroscopy. Unfortunately, the HCN4-ΔN construct did not produce currents when transfected into CHO cells (a surprising result given the robust expression of HCN4-ΔNΔC). Western blot and immunocytochemistry suggested that very little HCN4-ΔN channel protein was expressed, and the protein that was expressed was not present at detectable levels on the plasma membrane (unpublished data). To circumvent the lack of expression of the truncated channel, we mutated the four putative N-terminal PKA sites to alanines (S14A, S99A, S110A, and S117A) to produce HCN4-Nx4 channels. PKA was found to significantly shift the voltage dependence of HCN4-Nx4 (V~1/2~ = −112.7 ± 2.2 mV, *n* = 7 in control, −104.1 ± 2.6 mV, *n* = 8 in PKA; P = 0.03; [Fig. 7 D](#fig7){ref-type="fig"}), indicating that these residues are not necessary for PKA regulation of HCN4. The magnitude of the shift in Nx4 was not significantly (general linear interaction model, P = 0.4659) reduced compared with the shift in wtHCN4, making it unlikely that these residues contribute to PKA regulation of HCN4.

To further pinpoint the portion of the C terminus responsible for the PKA-dependent shift in V~1/2~, we next constructed another deletion mutant in which the C terminus was truncated just after residue 1012, thereby eliminating six confirmed and two unconfirmed PKA sites while leaving four confirmed and one unconfirmed sites. We found that HCN4-Δ1012 channels were insensitive to PKA (V~1/2~ = −109.2 ± 1.5, *n* = 7 in control, −109.8 ± 2.5 mV, *n* = 5 in PKA; [Fig. 7 E](#fig7){ref-type="fig"}), indicating that the PKA regulation requires only the distal C terminus of HCN4. Interestingly, V~1/2~ for HCN4-Δ1012 was significantly more negative (P = 0.025) than for wtHCN4 and significantly more positive (P \< 0.0001) than for HCN4-ΔC in the absence of PKA, suggesting the possibility that multiple domains within the C terminus could affect the voltage dependence of activation in the absence of PKA.

In the portion of the distal C terminus that was removed in HCN4-Δ1012, we were particularly intrigued by the cluster of four residues that were phosphorylated by PKA (T1153, S1154, S1155, and S1157), all of which lie within a single strong consensus PKA phosphorylation site. To test the importance of this PKA regulatory site in channel function, we mutated all four of these residues to alanines to produce HCN4-Cx4 channels. These four alanine substitutions eliminated the ability of PKA to shift the voltage dependence of HCN4-Cx4 channels (V~1/2~ = −105.0 ± 3.7 mV, *n* = 8 in control, −107.5 ± 1.7 mV, *n* = 6 in PKA; [Fig. 7 F](#fig7){ref-type="fig"} and [Fig. 8](#fig8){ref-type="fig"}), indicating that this regulatory site is obligatory for modulation of HCN4 by PKA. The V~1/2~ for HCN4-Cx4 in the absence of PKA did not differ from that of wtHCN4, suggesting that the C terminus must be intact for normal voltage gating of HCN4.

DISCUSSION
==========

In this study, we found that PKA can regulate I~f~ in sinoatrial myocytes and in a heterologous expression system. We identified at least 13 residues in the intracellular N and C termini of HCN4 that can be phosphorylated by PKA in vitro. Functional analysis of mutant channels showed that a PKA regulatory site in the distal C terminus of HCN4 is required for PKA modulation of I~f~. Overall, these data suggest that β adrenergic regulation of I~f~ in the sinoatrial node may occur via multiple cAMP-dependent mechanisms. The presence of consensus PKA sites in the other mammalian HCN isoforms hints that neuronal I~h~ currents may be similarly regulated by PKA signaling.

Phosphorylation-dependent versus phosphorylation-independent regulation of I~f~
-------------------------------------------------------------------------------

How can we reconcile our data with the prevailing notion that β adrenergic regulation of I~f~ is phosphorylation independent? This idea is based on the following observations: (1) cAMP can shift the voltage dependence of I~f~ even in the presence of kinase inhibitors or the absence of PKA cofactors ([@bib7]); (2) the cAMP analogue Rp-cAMP, which does not activate PKA, can shift the voltage dependence of I~f~ (albeit to a lesser degree than cAMP itself) ([@bib2]); and (3) point mutations in the CNBD can render heterologously expressed HCN channels or I~f~ in embryonic mouse cardiomyocytes insensitive to cAMP ([@bib4]; [@bib9]). While these previous studies support the idea that direct binding of cAMP can regulate HCN4, explanations consistent with additional phosphorylation-dependent regulation of I~f~ are possible in each case. For example, direct effects of cAMP and Rp-cAMP on I~f~ were studied in excised inside-out patches from rabbit SAN cells, whereas our study used whole-cell recording from mouse SAN cells. Thus, one possibility is that there is a species-dependent difference in I~f~ regulation in mice versus rabbits. Differences in experimental preparations could also explain differing results. For instance, cAMP signaling is likely to differ in embryonic cardiomyocytes compared with adult sinoatrial myocytes, and PKA may simply be absent from excised membrane patches or tissue culture cell lines.

There is precedent for the idea that PKA may regulate HCN channels in some systems. For instance, kinase blockers were shown to abolish β adrenergic and cAMP-dependent regulation of I~f~ in canine Purkinje cells in two-electrode voltage-clamp experiments ([@bib3]), and to shift the voltage dependence of I~h~ in rat olfactory neurons in whole-cell voltage-clamp experiments ([@bib31]). On the other hand, the purified catalytic subunit of PKA had no effect on I~h~ in whole-cell voltage-clamp experiments in rat dorsal root ganglion cells ([@bib12]) and guinea pig sensory afferent neurons ([@bib10]). Thus, it seems that regulation of cardiac and neuronal HCN channels by PKA may depend on the cellular context and/or the HCN channel isoform expression. It is noteworthy that all the mammalian HCN isoforms contain strong consensus PKA phosphorylation sites (the pkaPS algorithm predicts 15 sites with scores ≥0 in each HCN1 and HCN3, and 18 such sites in HCN2). This suggests that PKA may also regulate neuronal HCN channels, although differences in the distribution of the predicted sites hint that PKA could have distinct effects on each isoform.

Several studies have concluded that I~f~ may be irrelevant for autonomic control of heart rate based on data showing no effect on β adrenergic regulation of heart rate in heterozygous HCN4^+/R669Q^ mice bearing a mutation in the CNBD ([@bib9]), and showing that PKA activity appears to be obligatory for pacemaking ([@bib33]). However, these interpretations are based on the assumption that the only mechanism by which β receptors can modulate I~f~ is via direct binding of cAMP to sinoatrial HCN channels. Our present data neither support nor refute a role for I~f~ in β adrenergic regulation of pacemaking (which undoubtedly involves many redundant and interrelated mechanisms). However, by demonstrating that PKA can regulate I~f~, our results allow the possibility that this signaling pathway may be among those involved in β adrenergic regulation of heart rate.

Biophysical implications for HCN4 channel function
--------------------------------------------------

Two unexpected observations in our study suggest that there may be a functional interaction between the N and C termini of HCN4 that can affect the expression and biophysical properties of the channel. First, the N-terminal deletion mutant, HCN4-ΔN, did not produce current, whereas, paradoxically, current density was similar to wtHCN4 for the double truncation mutant, HCN4-ΔNΔC (in which both N and C termini were deleted). Second, the voltage dependence of HCN4-ΔNΔC did not differ from wtHCN4 in the absence of PKA even though the voltage dependence was hyperpolarized in both the C-terminal deletion mutant, HCN4-ΔC, and the N-terminal four-alanine substitution mutant, HCN4-Nx4. Physical and/or functional interactions have been reported for the N and C termini of several other ion channels, including cyclic nucleotide gated channels ([@bib32]; [@bib34]), small conductance Ca^2+^-activated K^+^ channels ([@bib8]), bestrophin 1 Cl^−^ channels ([@bib26]), and Kv2.1 K^+^ channels ([@bib20]). Interestingly, the interaction between the N and C termini of Kv2.1 appears to be necessary for their modulation by phosphorylation. It will be interesting in future work to explore the mechanistic bases for the differences between HCN4-ΔNΔC and mutants lacking only the N or C termini.

The lack of expression of HCN4-ΔN was also somewhat surprising in light of our previous studies showing that only the proximal N terminus was necessary for functional expression of HCN2 ([@bib25]; [@bib30]); HCN2 channels expressed at normal levels, provided the ∼50 residues adjacent to the first transmembrane segment were present. This region of the N terminus is conserved in all four mammalian HCN isoforms and was intact in the HCN4-ΔN construct used in the present study, suggesting that there are additional regions, unique to HCN4, that also control expression. The N terminus of HCN4 is considerably longer than that of the other HCN isoforms, and contains a proline-rich region (a hallmark of many protein interaction motifs) in addition to the four potential PKA phosphorylation sites we identified by mass spectrometry. Thus, it is possible that expression of HCN4 is regulated by phosphorylation and/or protein--protein interactions of the N terminus.

In this study, PKA regulation of I~f~ voltage dependence was shown to depend on four residues within a PKA regulatory site in the distal C terminus of HCN4. Determination of how each of these residues contributes to regulation of voltage dependence awaits characterization of single and multiple point mutants. More importantly, it remains to be determined as to which (if any) of these sites are relevant for physiological regulation of I~f~ in sinoatrial myocytes.
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